The human malaria parasite Plasmodium falciparum is auxotrophic for most amino acids. Its amino acid needs are met largely through the degradation of host erythrocyte hemoglobin; however the parasite must acquire isoleucine exogenously, because this amino acid is not present in adult human hemoglobin. We report that when isoleucine is withdrawn from the culture medium of intraerythrocytic P. falciparum, the parasite slows its metabolism and progresses through its developmental cycle at a reduced rate. Isoleucine-starved parasites remain viable for 72 h and resume rapid growth upon resupplementation. Protein degradation during starvation is important for maintenance of this hibernatory state. Microarray analysis of starved parasites revealed a 60% decrease in the rate of progression through the normal transcriptional program but no other apparent stress response. Plasmodium parasites do not possess a TOR nutrient-sensing pathway and have only a rudimentary amino acid starvation-sensing eukaryotic initiation factor 2α (eIF2α) stress response. Isoleucine deprivation results in GCN2-mediated phosphorylation of eIF2α, but kinase-knockout clones still are able to hibernate and recover, indicating that this pathway does not directly promote survival during isoleucine starvation. We conclude that P. falciparum, in the absence of canonical eukaryotic nutrient stress-response pathways, can cope with an inconsistent bloodstream amino acid supply by hibernating and waiting for more nutrient to be provided.
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Eukaryotes have canonical mechanisms for responding to amino acid deprivation. The target of rapamycin (TOR) complex, which functions as a master regulator of cell growth (9) , is repressed during amino acid starvation. Conversely, the eukaryotic initiation factor 2 alpha (eIF2α) kinase, GCN2, is activated by amino acid-limiting conditions (10, 11) . Activated GCN2 mediates a reduction in translation efficiency, allowing resource conservation, metabolic readjustment, and promotion of an adaptive transcriptional program, inducing GCN4 in yeast and ATF4 in mammals. These transcription factors control the response to amino acid deprivation by turning on pathways for amino acid biosynthesis, among others (12, 13) . Plasmodium does not have a TOR complex (14) and lacks the downstream transcription factors and biosynthetic pathways that mediate GCN2 action. An ortholog of eIF2α and three putative eIF2α kinases have been identified previously in the P. falciparum genome (15) (16) (17) . One of them, PfeIK2, controls latency in sporozoite development in the mosquito (17) . Another, PfPK4, is involved in intraerythrocytic schizogony (18) . The third, PfeIK1, recently has been confirmed as the amino acid-sensing GCN2 ortholog, active in the blood stages of the parasite and able to phosphorylate eIF2α in response to amino acid starvation (15) . A knockout of GCN2 in the related apicomplexan parasite Toxoplasma gondii has an extracellular tachyzoite fitness defect (19) , but the biological role of the Plasmodium ortholog has not been defined and is tenuous, given the lack of GCN2-responsive transcription factors and amino acid biosynthesis pathways.
To understand how P. falciparum responds to and survives amino acid limitation, we monitored the growth recovery, metabolic activity, and gene expression of cultured parasites exposed to isoleucine-free medium. We show that parasites slow their metabolism and cell-cycle progression in a hibernatory fashion that allows them to survive prolonged isoleucine starvation. Notably, its GCN2 amino acid-sensing pathway is active but does not play a role in starvation survival. We conclude that P. falciparum hibernates upon exposure to amino acid limitation to allow its long-term survival.
Results

P. falciparum Growth Is Recoverable After Prolonged Isoleucine
Starvation. We monitored the growth of synchronized ringstage P. falciparum parasites (Fig. 1) . In complete medium (CM), parasites progressed normally through the asexual cycle, reinvaded fresh RBCs, and continued growth. However, in the absence of isoleucine (−Ile), parasites progressed slowly to the trophozoite stage (Fig. 1A) but did not enter S-phase, as indicated by the absence of a high DNA content peak at 24 to 72 h postincubation in flow cytometry traces (Fig. 1B) . Surprisingly, parasite morphology remained essentially normal during isoleucine starvation (Fig. 1A) . In contrast, within hours of glucose starvation, P. falciparum parasites appeared as shrunken, rounded bodies with pyknotic nuclei and failed to recover (Fig. S1 ). To determine whether isoleucine-starved parasites maintain viability, we incubated synchronized ring-stage parasites in isoleucine-free RPMI medium for varying periods of time and then supplemented each starved culture with isoleucine at the concentration found in complete RPMI (382 μM). Parasite growth was followed for an additional 72 h, and parasitemia was measured by flow cytometry. When parasites were starved for isoleucine for 24, 48, and 72 h, a large fraction of the parasite population was able to recover (Fig.  1C) . However, parasites starved for longer periods (up to 9 d) were no longer detectable on Giemsa-stained blood smears, and recovery of growth after isoleucine supplementation dropped precipitously (Fig. 1C) . In cultures with lower recovery (i.e., those that had been starved for 4 d or more), gametocytes were undetectable, and asexual forms remained prevalent, suggesting that the vast reductions in the recovery of growth by parasites subjected to extended starvation were caused by decreased viability.
To determine whether protein translation is affected in isoleucine-starved parasites, we incubated synchronized parasites in complete or isoleucine-free labeling medium containing [
35 S] methionine and cysteine. Starved parasites incorporated the radiolabel into protein, but at a reduced rate, indicating a slowed metabolism (Fig. 1D ). Recovery from starvation was similar whether parasites were adapted to low (20 μM) or high (200 μM) concentrations of exogenous isoleucine before starvation (Fig.  S2 ), suggesting that parasite survival during starvation does not require an abundant preexisting isoleucine pool.
Impairment of Proteolysis During Isoleucine Starvation Abrogates
Recovery. Members of the aspartic and cysteine protease families, plasmepsins and falcipains, respectively, reside in the digestive vacuole (DV) of P. falciparum, where they degrade massive amounts of host-cell hemoglobin, a process that supplies the parasite with amino acids (4). The bulk of hemoglobin degradation takes place during the trophozoite stage, when the metabolic activity of P. falciparum is at its highest (20) . During long-term isoleucine starvation, parasites display evidence that hemoglobin degradation remains active, in that hemozoin (the sequestered heme byproduct of catabolism) becomes visible in the DV within 24 h (Fig. 1A, arrows) .
To determine whether proteolytic activity is required to maintain viability, we incubated ring-stage parasites in isoleucine-free RPMI and exposed them to E-64d, a membrane-permeable cysteine protease inhibitor, for a 24-h window at different times during the starvation period. Under the conditions used, growth could be restored in a fed control (i.e., cultured in CM) after drug removal ( Fig. 2A) . Parasites starved for 24 h in the presence of E-64d recovered well after washout of the drug and resupplementation with isoleucine. Even parasites starved for 72 h and exposed to E-64d for the last 24 h of the incubation recovered nearly half of the growth seen in controls, in line with the decrease in recovery seen previously under similar starvation conditions without drug (Fig. 1C) . However, parasites starved for 48 h with E-64d present during the last half of the incubation (the trophozoite stage with peak hemoglobin degradation) were not viable ( Fig. 2A) .
We performed a similar experiment with the aspartic protease inhibitor pepstatin A. As with E-64d, parasites cultured in CM and treated with pepstatin A maintained viability ( Fig. 2A) . Again, parasites starved for 48 h and treated with inhibitor for the last 24 h were not viable, whereas parasites starved and treated for 24 h recovered well. Although recovery was notably lower in the pepstatin A-treated 72 h-starved cultures than in the corresponding E-64d-treated cultures, the surviving parasites consistently outgrew those from the 48 h-starved condition. These data suggest that proteolytic activity is most critical between 24-48 h of starvation, soon after which the parasite appears to reach its developmental limit.
The morphology of starved parasites over time indicates that they transition slowly through the trophozoite stage, displaying early characteristics of this stage at 24 h of starvation (Fig. 1A) . Synchronous 3D7 parasites were grown in CM or Ile-free RPMI, and samples were harvested at 0 (red), 24 (green), 48 (blue), and 72 (brown) h. Offset overlaid histograms of FITC-H channel fluorescence for the indicated time points and medium conditions are shown. Samples were treated with RNase, allowing haploid ring and trophozoite populations (left-most peak) to be better distinguished from polyploid schizonts (right-most peaks). The gated uninfected RBC population was removed for clarity. (C) Growth recovery following isoleucine resupplementation of parasites starved for the indicated times. A control set of parasites were fed (CM) or isoleucine-starved (no Ile) for 72 h. Synchronized 3D7 parasites were starved for up 9 d, followed by supplementation with isoleucine. Parasitemia of all cultures was measured by flow cytometry after 72 h of recovery. Data shown represent the mean parasitemia ± SEM; n = 3; n.d.*, none detected. (D) Protein synthesis in starved parasites. Parasites were fed or starved for 6 h and labeled with [ 35 S]methionine/cysteine for the last hour while incubated in CM or isoleucine-free (no Ile) labeling RPMI medium in the presence or absence of the protein synthesis inhibitor cycloheximide (CHX). Parasite proteins were resolved by SDS/PAGE for autoradiography (Upper) or were TCA-precipitated to determine incorporated radioactivity through scintillation counting (Lower). The SDS/PAGE gel was stained with Coomassie Brilliant Blue (CB) to ensure even protein loading. Data shown represent the mean disintegrations per minute (DPM) of incorporated radioactivity ± SEM; n = 6.
As noted above, when parasites were starved for 24 h in the presence of E-64d or pepstatin A, recovery of growth was relatively unaffected. However, when starvation time was extended beyond the withdrawal of either drug, recovery was attenuated (Fig. 2B , compare with Fig. 2A , gray bars). It appears that continuous protein degradation is essential for surviving the second day of starvation, and protease inhibition throughout the first or second day of isoleucine starvation is lethal to the parasite.
The cysteine protease falcipain 2 (FP2) plays a pivotal role in hemoglobin degradation of P. falciparum, in that its genetic disruption leads to the accumulation of undigested hemoglobin and swelling of the DV (21), a phenotype similarly seen with E-64d treatment. We incubated a clonal line of fp2 − parasites (4) in isoleucine-free RPMI and then supplemented each starved culture with isoleucine to allow recovery. Parasites lacking FP2 exhibited significant defects in recovery after starvation, with only minimal growth restored in mutants starved for 24 h and virtually no recovery of the mutant parasites starved for 48 or 72 h (Fig. 2C) . These data complement the protease inhibitor studies and emphasize the requirement for DV proteolysis in surviving isoleucine starvation.
We also used mass spectrometry-based metabolite detection to measure isoleucine levels in starved and control parasites over a 48-h period. Control parasites maintained a consistently high level of isoleucine. Surprisingly, starved parasites contained low but detectable levels of free isoleucine throughout the starvation period (Fig. 2D) , despite the complete removal of exogenous isoleucine from the culture medium. This observation is consistent with the requirement for proteolysis to maintain viability.
Starvation-Induced Hibernation Differs from Artemisinin-Associated
Quiescence. In patients with falciparum malaria, monotherapy with artemisinin frequently results in parasite recrudescence (22) . Parasites recovered posttherapy remain sensitive to drug. A similar phenomenon has been observed in vitro with parasites cultured in the presence of artemisinin and has given rise to the concept of parasite dormancy, a state that presumably confers drug tolerance (22) (23) (24) . To determine whether isoleucine-starved parasites are in a similar dormant state, we cultured parasites in isoleucine-free medium, exposed them to artemisinin, and then assessed viability. There was no increased resistance to artemisinin in starved parasites; if anything, there was a slight increase in sensitivity (Fig. S3) . Therefore isoleucine starvation status does not appear to be equivalent to artemisinin-associated dormancy.
Expression Profile of Starved Parasites Reveals a Delayed Growth
Phenotype. Global transcription in P. falciparum is characterized by successive waves of gene activation tightly coordinated with the parasite's developmental progression (25, 26) . To examine mRNA abundance in isoleucine-starved parasites, we isolated RNA from synchronized parasites incubated in isoleucine-free RPMI, harvesting samples after 3 and 6 h of incubation and every 6 h thereafter up to 48 h total. In parallel, RNA was isolated from a control set of synchronized parasites that were maintained in CM and harvested along with the starved samples. The expression level of nearly 4,800 genes was analyzed from both conditions at each time point by DNA microarray (Dataset S1). We observed that gene expression of control parasites (CM) best correlated with isoleucine-starved parasites (−Ile) that had been grown for 2.5 to threefold longer Signal from uninfected erythrocyte (cultured under the same conditions) extracts was subtracted from the infected-erythrocyte signal. The data are presented as the total ion count detected for derivatized isoleucine. Curves were fitted using the equation Y = (Y 0 -P)*exp(-K*X) + P, where P is the Y value at infinite times and K is the rate constant. Data shown represent the mean ± SD, n = 2.
periods [e.g., the 18-h −Ile sample correlated best with the 6-h CM sample, and the 30-h −Ile sample correlated best with the 12-h CM sample] (Table S1 ). The starvation-associated growth retardation occurred quickly, with significant transcriptional deviation between the fed and starved samples apparent within 6 h of incubation (Table S1 ). Using Pearson correlation, the expression profiles generated from this dataset were compared with those from a high-resolution transcriptional array study that sampled the complete intraerythrocytic developmental cycle (IDC) of in vitro-cultured P. falciparum every hour (27) . These results demonstrate the remarkably retarded progression of the isoleucine-starved parasites through the trophozoite stage ( Fig. 3 A and B and Dataset S2). The developmental rate of the starved parasites through one life cycle decreased by 60%, ultimately ending at the midtrophozoite stage, whereas the CM-fed control parasites progressed normally through the IDC, transitioning from late rings to trophozoites to schizonts and continuing on to initiate another round of invasion ( Fig. 3B and Dataset S2). Parasites cultured in suboptimal but nonzero concentrations of isoleucine had intermediate rates of developmental progression (Fig. 3C) . In other eukaryotes, amino acid starvation activates a distinct shift in transcriptional activity, in which genes that support adaptation and cell viability are up-regulated selectively (9, 13). However, in P. falciparum, transcription remained inextricably coupled with parasite development during starvation, with both gene expression and parasite morphology remaining in phase but displaying slowed progression through the IDC. Most notably, there were no obvious transcriptional alterations indicative of a conventional starvation-related stress response ( Fig. 4 and Dataset S3). For instance, genes involved in glycolysis, translation, transcription, and apicoplast and mitochondrial function appear to follow their normal course of regulation, albeit at a slowed rate, as in the general transcription program.
Isoleucine-Starved Parasites Have Reduced Levels of Central-Carbon
Metabolism Intermediates. The metabolite profile of parasites was monitored over a 48-h period using liquid chromatography mass spectrometry (LC/MS). The overall metabolomic profile (87 metabolites) of isoleucine-starved parasites was similar to that of the control throughout the time course (Fig. S4) . However, several intermediates of glycolysis and the pentose phosphate pathway were suppressed under isoleucine starvation (Fig. 5 ). These included glucose-6-phosphate, acetyl-CoA, erythrose-4-phosphate, and sedoheptulose-7-phosphate. The overall trend toward lower levels of energy-related metabolites was accompanied by reductions in intermediates of pyrimidine biosynthesis (carbamoyl-aspartate) and methyl-group transfer reactions, such as membrane biogenesis and DNA methylation (S-adenosyl homocysteine), under isoleucine-starved conditions. These intermediates normally increase during late-stage development (28) ; in starved parasites their suppression was persistent throughout the time course and did not follow the delayed periodicity of the transcriptional expression.
Metabolic disruption also affected certain metabolic pathways in a complex manner that was not confined to decreased intermediates under isoleucine starvation. For example, the tricarboxylic acid (TCA) metabolism intermediates succinate and citrate were elevated under isoleucine-starved conditions toward the end of the time course (Fig. S4 ). This elevation was concomitant with decreased levels of fumarate and, to a lesser extent, malate under isoleucine-starved conditions. Moreover, the glycolytic intermediates phosphoenolpyruvate and 3-phosphoglycerate were elevated under isoleucine-starved conditions, whereas other intermediates of the same pathway were suppressed.
PfeIF2α Responds Specifically to Isoleucine Levels. In P. falciparum, exposure to amino acid-free RPMI results in the phosphorylation of parasite eIF2α (PfeIF2α) (15) . Considering that isoleucine is the only amino acid for which the parasite can truly be starved, we examined the specificity of this response. We incubated parasites in amino acid-free RPMI, followed by supplementation with CM containing all 20 amino acids or with the single amino acids isoleucine, methionine, or leucine, which represent amino acids that respectively are absent, in low abundance, or abundantly present in human hemoglobin (6) . As seen previously (15), phosphorylation of PfeIF2α in amino acid-free conditions was observed readily by Western blot analysis using antibodies specific for the phosphorylated motif (Fig. 6A) . Addition of CM resulted in the dephosphorylation of PfeIF2α, but single amino acid supplementation with methionine or leucine did not elicit this response. Only the addition of isoleucine to the amino acid-starved cultures resulted in dephosphorylation of PfeIF2α similar to that achieved with CM supplementation. Furthermore, we observed that when cultures maintained in isoleucine-free RPMI were supplemented with isoleucine, PfeIF2α dephosphorylation could be detected within 10 min, with complete loss of phosphorylation within 45 min of incubation (Fig. 6B) . Remarkably, phosphorylation of eIF2α could be detected within minutes after isoleucine withdrawal (Fig. 6C) . Even the short processing period for the zero time sample was enough to allow phosphorylation, suggesting the absence of a significant intracellular isoleucine store. Collectively, these data indicate that the eIF2α-mediated starvation response of P. falciparum is exquisitely sensitive to isoleucine availability.
Recovery from Starvation Is Independent of PfeIK1 Signaling. The amino acid-sensing eIF2α kinase of P. falciparum was identified recently as PfeIK1, an ortholog of yeast GCN2. Unlike the parental strain, parasite mutants lacking PfeIK1 do not phosphorylate PfeIF2α in response to amino acid-limiting conditions in vitro (15) . Because long-term starved wild-type parasites maintain PfeIF2α phosphorylation (Fig. 6D) and are able to recover growth after resupplementation (Fig. 1C) , we investigated whether pfeik1 − mutants lose viability after prolonged starvation. We incubated a clonal line of pfeik1 − parasites (15) in isoleucine-free RPMI for 24 h and then supplemented the culture with isoleucine and measured outgrowth by flow cytometry. The pfeik1 − parasites starved for 24 h recovered growth similar to the wild-type parental strain (Fig. 7A) , suggesting that parasite viability during starvation does not depend on PfeIK1 signaling. The pfeik1 − parasites exhibited a reduction in the metabolic incorporation of [
35 S] methionine and cysteine during amino acid starvation (Fig. S5) , comparable to that seen in wild-type parasites in Fig. 1D , but phosphorylation of PfeIF2α remained undetectable in the mutant parasites ( Fig. S6 and ref. 15) .
To assess further whether PfeIF2α phosphorylation plays a role in regulating the starvation stress response of P. falciparum, we generated parasites episomally expressing a nonphosphorylatable form of PfeIF2α. When exposed to isoleucine-free conditions, the mutant PfeIF2α-S59A was not phosphorylated, although both a wild-type episomal control and the endogenous PfeIF2α were robustly phosphorylated (Fig. 7B) . In other organisms, the expression of a phosphorylation-insensitive eIF2α typically dampens the adaptive response to stress, resulting in reduced fitness (10, 29) ; in contrast, parasites expressing mutant PfeIF2α-S59A grew well and recovered as well as the wild-type-expressing control after extended isoleucine starvation and resupplementation (Fig. 7C) . These data indicate that although PfeIK1 phosphorylation of PfeIF2α is induced by isoleucine starvation in a wild-type background, the regulation of parasite growth during starvation and concomitant entry into and exit from the hibernating state are independent of both PfeIK1 activity and PfeIF2α phosphorylation.
Discussion
In this study, we have shown that starvation for the single amino acid isoleucine elicits a metabolic response in P. falciparum that results in slowed parasite growth. This starvation-induced stasis is reversed upon isoleucine resupplementation, demonstrating the remarkable resilience of Plasmodium. We liken this phenomenon to hibernation, in which an organism is able to decrease its metabolic rate dramatically to conserve energy and resources, ultimately leading to increased survival once growth-permissive conditions are restored. Although asexual growth is recoverable post- Fig. 6 . Parasite eIF2α phosphorylation status depends on the isoleucine environment. (A) Resupplementation of starved parasites. Synchronous parasites cultured for 6 h in RPMI lacking all amino acids were resupplemented with CM or the indicated single amino acids (at the concentration found in complete RPMI) for 45 min. Parasite lysates were prepared for SDS/PAGE followed by immunoblotting with antibodies against phosphorylated eIF2α (eIF2α-P), total eIF2α, and the endoplasmic reticulum marker BiP as a loading control. (B) Time course of resupplementation. Synchronous parasites were starved for 6 h and then were resupplemented with isoleucine for the indicated times. Samples were processed for analysis as in A. (C) Time course of starvation. Synchronous parasites were washed in isoleucine-free medium, centrifuged briefly, and replated in isoleucine-free medium. Samples were taken at the indicated times and processed for analysis as in A. (D) Synchronous parasites were maintained in isoleucine-free RPMI medium for 24 h and then were resupplemented with isoleucine for 45 min. Samples were processed for analysis as in A. Fig. 7 . PfeIK1 activity is not required to maintain viability during hibernation. (A) Viability of pfeIk1-knockout parasites after isoleucine starvation. Synchronous 3D7 parasites were incubated for 24 h in isoleucine-free medium (no Ile). Isoleucine was added back, and parasites were allowed to recover in CM for 72 h. Parental strain, black bars; pfeik1-knockout clones, light (E6) and dark (C1) gray bars. Control parasites were fed (CM) or starved for isoleucine without refeeding (no Ile) for 72 h. Parasitemia of all other cultures was measured by flow cytometry after 72 h of recovery. Data shown represent the mean parasitemia ± SEM; n = 3. (B) Response of wild-type PfeIF2α and the PfeIF2α S59A phosphorylation mutant to starvation. Synchronous parasites expressing an episomal GFP-tagged copy of wild-type (epi WT) or mutant (epi S59A mut) PfeIF2α and a parental line of 3D7 were incubated in CM or isoleucine-free RPMI (−Ile) for 5 h. Parasite lysates were prepared for SDS/PAGE followed by immunoblotting with antibodies against phosphorylated eIF2α (eIF2α-P) and total eIF2α. (C) Viability of the PfeIF2α S59A phosphorylation mutant after isoleucine starvation. Black bars represent parasites expressing an episomal GFP-tagged wild-type copy of PfeIF2α (epi WT PfeIF2α); gray bars represent parasites expressing an episomal GFPtagged mutant copy of PfeIF2α (epi S59A mut eIF2α). A growth-recovery assay was performed as in A. Data shown represent the mean parasitemia ± SEM, n = 3. starvation, our data suggest that limitations exist regarding the duration of starvation tolerable by the parasite. By 72 h, viability starts to tail off. Initially we suspected an increase in gametocyte conversion with extended starvation, considering that reductions in asexual parasitemia often correlate with induction of gametocytogenesis (30) and that certain starvation responses in yeast result in induction of the sexual/mating type differentiation program (31) . However, gametocytemia was virtually absent in the recovered cultures, suggesting that amino acid stress does not necessarily skew parasite commitment toward sexual differentiation and that starvation-induced hibernation can protect the parasite for only a limited time before viability is compromised. Optimal growth of in vitro-cultured P. falciparum requires an isoleucine concentration above 20 μM; however, slow, continuous growth is still observed in cultures maintained in lower isoleucine concentrations (4). In natural infections of malnourished children, where blood isoleucine levels can fall to single-digit micromolar levels (7), we propose that P. falciparum adjusts its metabolic growth accordingly, allowing it to survive and persist. This response appears to be specific to isoleucine, because glucose starvation led to rapid death; presumably, blood glucose concentrations rarely fall to levels that threaten parasite survival even in malnourished patients.
Notably, entry into the hibernating state did not confer protection against treatment with the antimalarial artemisinin, which has been reported to induce a putative quiescent state in P. falciparum (24) . However, artemisinin tolerance and quiescence have been reported only for ring forms (23, 24) , and isoleucine-starved parasites gradually progress past this stage. We conclude that the biological mechanisms for drug-associated dormancy and starvation-induced hibernation may differ, at least in the control of cell-cycle progression. Nevertheless, it would be of great interest to investigate PfeIF2α phosphorylation status in artemisinin-tolerant ring stages.
Proteolysis plays a role in maintaining the parasite in a growthcompetent state, because inhibition of this activity adversely affected recovery after isoleucine resupplementation. As starved parasites slowly progress through the trophozoite stage, peak proteolytic activity appears to coincide with gradual maturation. Moreover, this activity becomes particularly crucial during longterm starvation. Hemoglobin, which lacks isoleucine, makes up 95% of the soluble host-cell protein (20) , leaving the other 5% to supply a limited pool of isoleucine to sustain the parasite during extended hibernation. Alternatively, autophagy of parasite proteins could provide a source of isoleucine in such conditions. Given the involvement of DV proteases in starvation survival, the autophagy route would have to involve the DV. Autophagy pathways in intraerythrocytic P. falciparum are largely uncharacterized. Plasmodium encodes nine putative autophagy-related genes (ATG), representing less than 30% of the complement of ATG genes in other eukaryotes (14) ; interestingly, none of these genes appeared to be specifically induced during starvation (Dataset S3). Also, there does not appear to be a significant isoleucine store, because parasites preconditioned in subsistence levels of isoleucine (20 μM) survived starvation as well as those conditioned in high (200 μM) isoleucine and because parasites detect isoleucine withdrawal almost immediately, as evidenced by rapid phosphorylation of PfeIF2α.
Isoleucine starvation did not activate an alternative transcriptional program, the hallmark of a conventional starvation response, in the parasite (12, 13) . This observation further illustrates the parasite's astonishingly limited capacity for transcriptional regulation (32) (33) (34) and is consistent with the lack of homologs for starvation-response regulators such as GCN4 and ATF4. Additionally, homologs of the prokaryotic transcription effector RelA, which regulates the amino acid starvation response in bacteria (35) , could not be identified in the parasite. Although infected RBCs reportedly take up amino acids, including isoleucine, an order of magnitude more efficiently than uninfected RBCs (36) , expression of putative amino acid transporters (e.g., PFL1515c, PF11_0334, and PFL0420w) was not up-regulated during starvation (Dataset S3). Field isolates of P. falciparum exhibit differential expression profiles, including one described as having starvation-response characteristics (37) . This phenomenon was not observed in our conditions; in fact, isoleucine-starved parasites continued to express genes normally associated with active growth but with significantly delayed kinetics in comparison with a fed control. Indeed, the most remarkable feature of the transcriptome from starved parasites in this report is the apparent delay in both the decay and accumulation of stage-related transcripts, constituting a 60% decrease in the rate of developmental progression.
LC/MS analysis of P. falciparum-infected erythrocytes revealed that, under isoleucine starvation, metabolic pathways associated with central-carbon metabolism were disrupted. Of the total metabolome detected (87 metabolites), the most notable changes included reduced levels of glycolytic and pentose phosphate pathway intermediates under starved conditions. The reduction in metabolite pools during the time course was not a delayed response, as observed in the transcriptional analysis, but was a consistent suppression that became more apparent at later stages of the time course, presumably because these intermediates are accumulating in the maturing parasite (28) . Glycolysis and the pentose phosphate pathway are important for progression through the IDC, because the parasite's energy and carbon requirements increase dramatically during trophozoite maturation and schizogony (38) (39) (40) . Interestingly, pyrimidine biosynthesis, methyl-group transfers, and the TCA pathway also are disrupted under isoleucine starvation and likewise are critical for parasite maturation. The suppression of these pathways in isoleucinestarved conditions is consistent with the morphological disruption observed, the failure to reach cell division.
We note that measuring the steady-state metabolite pools of the infected erythrocyte during isoleucine starvation can reveal which pathways are perturbed without a priori knowledge of the mechanism involved. However, this steady-state approach cannot explain how the flux through each pathway causes the changes in steady-state metabolite pools observed. Stable-isotope labeling, although a major endeavor, would overcome this limitation and determine how the flux through these central-carbon metabolic pathways during isoleucine starvation causes the elevation and suppression of intermediates of the same pathway.
The disruption of one or more enzymatic steps could inhibit flux through a pathway, causing the accumulation of upstream intermediates and the decrease of downstream intermediates. Under isoleucine starvation, the glycolytic intermediates phosphoenolpyruvate and 3-phosphoglycerate were elevated, and the downstream product acetyl-CoA was reduced. This result may be explained by inhibition of either pyruvate kinase or pyruvate dehydrogenase. Likewise, inhibition of succinate dehydrogenase could explain the elevated level of succinate and the concomitant suppression of fumarate and malate pools when isoleucine was absent. However, this explanation remains incomplete, because the differential changes in metabolite levels within each pathway do not overlap completely at each time point. Further stable-isotope studies are required to ascertain the mechanisms involved.
Given that isoleucine participates directly in very few metabolic processes (other than protein synthesis) and is disconnected from central-carbon metabolism, disruption of central-carbon metabolism is unlikely to be a direct result of decreased substrate availability. Therefore, it remains unclear how central-carbon metabolism is altered. The parasite has a clear transcriptional response to isoleucine removal, but this response is a generalized slowing of developmental progression and not a specific amino acid-starvation response. Determining if central-carbon metabolism is disrupted because of reduced metabolic enzyme trans-lation or because of a more dynamic response that may involve posttranslational modification of metabolic enzymes is of ongoing interest. This question is particularly important in regards to the observation that PfeIF2α is dephosphorylated within 10 min upon isoleucine supplementation. This finding indicates that the parasite has some dynamic response to isoleucine supplementation, but whether any other posttranslational modifications occur in response to changes in isoleucine availability remains uncertain.
In other eukaryotes, such as yeast, plants, and mammals, the amino acid-starvation response has been studied extensively, and many conserved biological features [e.g., TOR signaling (9), upregulation of amino acid biosynthetic enzymes (12) , and induction of autophagy (41)] are inherently translatable to other model systems. However, components of this response that are found in other organisms appear to be missing in Plasmodium (3, 14) . Even the one component involved in the canonical starvation response that is conserved, the GCN2 ortholog PfeIK1, is seemingly dispensable, because its absence does not compromise the viability of parasites under isoleucine-limiting conditions, despite a well-documented ability to phosphorylate PfeIF2α during starvation. In prototrophic yeast, lack of GCN2 does not affect logarithmic growth in most single amino acid-dropout medium conditions because of compensatory crosstalk between other amino acid-regulatory pathways that function independently of GCN2-mediated signaling (42) . However, there is no evidence to suggest that such metabolic complexity exists in P. falciparum, especially considering that the parasite is deficient in amino acid biosynthesis and is absolutely dependent on exogenous isoleucine. The Plasmodium genome encodes another blood stage-expressed eIF2α kinase, PfPK4, which has been shown to be essential for completion of the IDC (18), but we suspect that functional redundancy is not at play during isoleucine starvation, because PfeIF2α remains unphosphorylated in pfeik1
− parasites. Indeed, we have shown that amino acid starvation of wild-type P. falciparum results in the phosphorylation of PfeIF2α, with remarkable selective specificity for isoleucine. Although generally such a response is coupled to growth arrest, that does not appear to be the case for blood-stage P. falciparum. These observations raise questions about the role played by PfeIK1: Why did malaria parasites maintain this enzyme? Could it have other functions independent of PfeIF2α phosphorylation? The surprisingly fast response in PfeIF2α dephosphorylation upon isoleucine repletion implies an efficient signaling system starting with an isoleucine sensor and feeding into an effector phosphatase. It would be of great interest to elucidate this pathway.
Presumably as an adaptation to erythrocyte parasitism, the malaria organism has evolved a stripped-down starvation-response pathway. In light of our findings, we propose that growth regulation in P. falciparum operates predominantly by reaction rates. Low isoleucine concentrations slow the rate-limiting steps of translational processivity, thereby restricting growth. This primitive response to amino acid limitation is enough to allow the parasite to survive in its host for several days, waiting for nutrient repletion.
Materials and Methods
Parasite Culturing. Plasmodium falciparum strain 3D7 and derived knockout clones were cultured (43) in human O+ erythrocytes in complete RPMI 1640, containing all 20 amino acids, supplemented with 27 mM NaHCO 3 , 22 mM glucose, 0.37 mM hypoxanthine, 10 μg/mL gentamicin, and 5 g/L Albumax (Invitrogen). Homemade complete, glucose-free, isoleucine-free, and amino acid-free RPMI were prepared according to the RPMI 1640 recipe provided by Invitrogen and supplemented with RPMI 1640 vitamins (Sigma), the appropriate respective amino acids (Sigma) at the concentrations found in RPMI 1640, and the appropriate additional supplements mentioned above. A clone of P. falciparum strain 3D7 (IG06) that has a 38-h cycle was used for most analyses. This fast-growing strain allowed us to perform more extensive time courses. Both 38-h and conventional 48-h clones were able to recover from starvation, and correlation of gene-expression profiles for corresponding stages was consistent.
Generation of Episomal PfeIF2α (WT and S59A)-GFP-Expressing Parasites. Fulllength PfeIF2α (PF07_0117) (omitting the stop codon) was PCR amplified from 3D7 genomic DNA using primers 5′-AATTCTCGAGATGACTGAAATGCG-AGTAAAAGCAGATTTG-3′ (XhoI site underlined) and 5′-AATTCCTAGGATC-TTCCTCCTCCTCGTCTTCACTAGTATT-3′ (AvrII site underlined), digested with XhoI and AvrII, and ligated into the same sites of the pIRCTGFP vector (44) , containing the promoter region for PfHsp86, a C-terminal GFP tag, and a human dihydrofolate reductase (hDHFR) drug-selection cassette. A point mutation was introduced to change Ser59 to Ala59 in PfeIF2α using the QuikChange XL mutagenesis kit (Stratagene) and the primers 5′-GGAA-GGTATGATTTTAATGTCCGAACTAGCCAAAAGAAGATTCAGAAG-3′ and 5′-CTT-CTGAATCTTCTTTTGCGTAGTTCGGACATTAAAATCATACCTTCC-3′. All cloning steps were confirmed by sequencing.
Ring-stage 3D7 parasites were transfected by electroporation (45) with 100 μg of purified vector DNA. Parasites carrying the plasmid were selected by adding 10 nM WR99210 to the culture medium. Sixty percent of transfected parasites were green by fluorescence microscopy, a typical plasmid maintenance result for this organism.
Flow Cytometry. Parasite samples were fixed in 4% paraformaldehyde/ 0.015% glutaraldehyde in PBS and were stored at 4°C. For analysis, the cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min at room temperature. One-half of the sample was treated with 100 μg/mL RNase A (Qiagen) in PBS for 20 min at 37°C. All samples were stained with 0.5 μg/mL Acridine Orange (Molecular Probes) in PBS, and 3 × 10 4 to 1 × 10 5 cells were counted on a BD Biosciences FACS Canto flow cytometer. Total cell number was measured on the forward-and side-scattering channels. Fluorescence was detected on both the FITC-H and the PerCP-Cy5-H channels, and parasitemia gates were defined by fluorescence intensity, with highly fluorescent infected RBCs distinctly separated from low-fluorescence uninfected RBCs. Alternatively, live cells were stained directly with 0.5 μg/mL Acridine Orange and were counted immediately on the FACS Canto using the parasitemiagating parameters described above. Data were analyzed using FlowJo software (TreeStar Inc.).
Isoleucine Titration Assay. P. falciparum 3D7 parasites were adapted to complete RPMI medium containing 20 μM isoleucine for approximately 1 wk under normal culturing conditions. Early ring-stage parasites were sorbitol synchronized (46) , subcultured to 5% parasitemia, washed twice in PBS, equally partitioned, and replated in isoleucine-free RPMI. Isoleucine was added at various concentrations, and the cultures were incubated at 37°C with 5% CO 2 for 41 h. Live parasite samples were stained with 0.5 μg/mL Acridine Orange (Molecular Probes) in PBS and analyzed by flow cytometry as described above.
Growth Recovery Assay. P. falciparum 3D7 parasites and clonal knockout lines were sorbitol synchronized (46) to the late ring stage, cultured in complete RPMI at 2% hematocrit, and subcultured to ∼1% parasitemia. The cultures were washed twice in PBS, partitioned, and washed in complete RPMI, glucose-free RPMI, or isoleucine-free RPMI; then the parasites were replated in triplicate in their respective medium and were incubated at 37°C with 5% CO 2 . Control fed, glucose-starved, or isoleucine-starved parasites were grown for 72 h and prepared for flow cytometry to assess parasitemia. Remaining starved cultures were supplemented with isoleucine (382 μM final) or glucose (22 mM final) after starvation for various periods of time and were allowed to recover for an additional 72 h. During extended isoleucine starvation, isoleucine-free culture medium was refreshed every other day. Parasites were prepared for flow cytometry after recovery.
In the experiments in which drug was added, 10 μM transepoxysuccinyl-Lleucylamino (4-guanidine)-butane (E-64d) (Sigma), 5 μM pepstatin A (Sigma), or 50 nM artemisinin (Sigma) was added to fed or starved cultures for a 24-h period at various times during the incubation. After the 24-h exposure, cultures were washed twice in PBS and replated in CM for recovery or isoleucine-free medium for extended starvation followed by isoleucine supplementation for recovery. After the 72-h recovery, parasites were prepared for flow cytometry.
Microarray Analysis. A large-scale sorbitol-synchronized (46) P. falciparum 3D7 culture at 8-10% parasitemia was washed twice in PBS, equally partitioned, and washed in complete or isoleucine-free RPMI; then the parasites were replated in their respective medium and were incubated at 37°C with 5% CO 2 . Samples were harvested initially and at 3-or 6-h intervals over a 48-h period. Culture medium was changed every 12 h, and parasites incubated in CM were subcultured just before schizont rupture to maintain parasitemia between 8-10% after reinvasion. The infected RBC pellet was washed with PBS and resuspended in TRIzol reagent (Invitrogen). Chloroform was added, followed by centrifugation at 7,500 × g for 1 h at 4°C. Isopropanol was added to the aqueous phase to precipitate the RNA. After centrifugation, the isolated RNA pellet was washed with 70% (vol/vol) ethanol, dried, and dissolved in diethylpyrocarbonate-treated water.
Amino-allyl cDNA was synthesized from isolated RNA and labeled with Cy5 for hybridization against a Cy3-labeled reference pool as described previously (27) . DNA microarray hybridizations were performed on a new P. falciparum Agilent platform DNA microarray (47) . The Cy5/Cy3 ratio, representing relative expression levels, was calculated for each sample and log 2 transformed for statistical analysis. The resulting data were analyzed by hierarchical clustering using the Princeton Microarray database (PUMAdb) and visualized with Java TreeView (48) . R 2 correlation values were calculated in Excel (Microsoft) by comparing the transformed relative expression data for each respective sample. Pearson coefficients were calculated by comparing the transformed relative expression data from this dataset with the corresponding values generated for the high-resolution IDC transcriptome reported in ref. 27 .
Metabolite Extraction and Analysis. Metabolic profiling was performed using methods previously described (28), with minor modifications. Forty-eighthour metabolite assays were carried out with highly synchronized P. falciparum-infected erythrocyte cultures (10% parasitemia) at 2% hematocrit. Cell counts were performed with an Improved Neubauer Hemacytometer, and cultures were adjusted accordingly. Time courses were initiated by resuspending cultures with fresh, prewarmed (37°C) RPMI 1640 medium (either isoleucine supplemented or isoleucine free). Every 6 h two biological replicates were collected, and the medium was replaced on each remaining sample. For each assay, an uninfected erythrocyte culture at the same hematocrit was incubated for 24 h before the experiment and then was treated identically to the P. falciparum-infected erythrocyte time course (incubated with control or isoleucine-free RPMI). At each time point, infected or uninfected erythrocytes were cooled rapidly to 4°C, washed once in ice-cold PBS, centrifuged for 1 min at 15,000 × g, and extracted with 20 volumes of 90% (vol/vol) methanol at 4°C. Cell debris was cleared by centrifugation, and the supernatant was collected, dried under nitrogen, and stored at −80°C until analysis.
Metabolite extracts were analyzed by reversed-phase ion-pairing LC coupled by electrospray ionization (ESI) (negative mode) to a high-resolution, high-accuracy mass spectrometer (Exactive; Thermo Fisher) operated in fullscan mode (49) . This analysis was complemented with LC coupled by ESI (negative mode) to a Thermo Scientific TSQ Quantum triple-quadrupole mass spectrometer operating in single-reaction monitoring mode (50) . Amino acids were derivatized with benzyl chloroformate before their quantitation by negative-mode LC-ESI-MS/MS (51) .
Data analysis and metabolite identification were performed using the Metabolomic Analysis and Visualization Engine (MAVEN) software program (52) . Metabolites were excluded from analysis if they failed to give a signal greater than 1,000 counts in any sample analyzed. Each metabolite signal was normalized to the signal of the internal standard U-13 C-aspartate in the same sample to control for variation between samples. Normalized data were expressed as fold change relative to an uninfected erythrocyte sample from the equivalent time point. Final data represented as heatmaps are presented as mean-centered ratios and are row clustered.
Starvation Assay. P. falciparum 3D7 parasites and clonal lines of pfeik1 − parasites (15) were prepared and assayed as described previously (15 Metabolic Labeling and TCA Precipitation. P. falciparum 3D7 parasites and clonal lines of pfeik1 − parasites were sorbitol synchronized (46) to the late ring stage, cultured in complete RPMI at 2% hematocrit, and grown to ∼8-10% parasitemia. The parasites were washed twice in PBS, equally partitioned, and washed in complete or isoleucine-free labeling RPMI that did not contain methionine or cysteine. The parasites then were replated in their respective medium in the presence or absence of 10 μg/mL cycloheximide and were incubated at 37°C with 5% CO 2 for 6 h. During the last hour of incubation, 0.1 mCi (1175 Ci/mmol) [ 35 S] Express protein labeling mix (Perkin-Elmer) was added to each culture. After harvesting, labeled cultures were washed with PBS buffer containing Complete protease inhibitor mixture (Roche) and were lysed with 100 HU of tetanolysin (List Biological). Portions of the samples were resuspended in SDS-Laemmli buffer, followed by SDS/PAGE, Coomassie staining, and autoradiography. Remaining samples were TCA-precipitated by adding one-fourth volume of 100% (wt/vol) TCA to the parasite pellet resuspended in 200 μL PBS. Samples were incubated on ice for 10 min and centrifuged. The precipitated protein pellet was washed with ice-cold acetone, dried, resuspended in water, and pipetted onto FilterMat (Skatron Instruments). After the filters dried, they were placed in vials with Ultima Gold scintillation fluid (Perkin-Elmer) and were counted on a Beckman LS6000 scintillation counter.
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Babbitt et al. 10 .1073/pnas.1209823109 Fig. S1 . Glucose-starved parasites do not recover growth. (A) Representative images of Giemsa-stained thin blood smears prepared from parasites incubated in glucose-free medium for 6 h. (B) Growth recovery following glucose resupplementation of parasites starved for indicated times. A control set of parasites was fed (complete medium, CM) or glucose starved (no Glc) for 72 h. Parasitemia of all cultures was measured by flow cytometry after 72 h of recovery. Data shown represent the mean parasitemia ± SEM; n = 3. Fig. S2 . Parasite recovery does not depend on preexisting isoleucine (Ile) stores. Synchronous 3D7 parasites, previously maintained in RPMI medium containing various concentrations of isoleucine, were starved for isoleucine for 24 h and then were resupplemented. Parasitemia of all cultures was measured by flow cytometry after 72 h of recovery. Data shown represent the mean parasitemia ± SEM; n = 3. Fig. S3 . Hibernating parasites remain susceptible to artemisinin. Synchronous 3D7 parasites were fed (black bars) or starved for isoleucine (gray bars) for 72 h with 50 nM artemisinin present for the last 24 h of the incubation. After drug removal, each culture was replated in CM for recovery. A control culture was incubated in the absence of drug for 72 h in CM or isoleucine-free RPMI (no Ile) for 72 h, followed by isoleucine supplementation and recovery. Parasitemia was measured by flow cytometry after 72 h of recovery. Data shown represent the mean parasitemia ± SEM; n = 3. − parasites were maintained in isoleucine-free RPMI medium for 18 h, followed by resupplementation with isoleucine for 45 min. Parasite lysates were prepared for SDS/PAGE followed by immunoblotting with antibodies against phosphorylated eIF2α (eIF2α-P) and with BiP as a loading control. Yellow: best correlation between fed control samples; green: worst correlation between fed control sample; turquoise: best correlation between fed and starved samples; pink: worst correlation between fed and starved samples; orange: best correlation between starved samples; purple: worst correlation between starved samples; gray: point at which gene expression starts to deviate significantly between fed and starved sample.
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